The use of α 1,3-galactosyltransferase gene-knockout (GalT-KO) swine donors in discordant xenotransplantation has extended the survival of cardiac xenografts in baboons following transplantation. Eight baboons received heterotopic cardiac xenografts from GalT-KO swine and were treated with a chronic immunosuppressive regimen. The pathologic features of acute humoral xenograft rejection (AHXR), acute cellular xenograft rejection (ACXR) and chronic rejection were assessed in the grafts. No hyperacute rejection developed and one graft survived up to 6 months after transplantation. However, all GalT-KO heart grafts underwent graft failure with AHXR, ACXR and/or chronic rejection. AHXR was characterized by interstitial hemorrhage and multiple thrombi in vessels of various sizes. ACXR was characterized by TUNEL + graft cell injury with the infiltration of T cells (including CD3 and TIA-1 + cytotoxic T cells), CD4 + cells, CD8 + cells, macrophages and a small number of B and NK cells. Chronic xenograft vasculopathy, a manifestation of chronic rejection, was characterized by arterial intimal thickening with TUNEL + dead cells, antibody and complement deposition, and/or cytotoxic T-cell infiltration. In conclusion, despite the absence of the Gal epitope, acute and chronic antibody and cell-mediated rejection developed in grafts, maintained by chronic immunosupression, presumably due to de novo responses to non-Gal antigens.
Introduction
Transplantation has become the preferred therapy for the treatment of end-stage heart disease, but its applicability has been limited by deceased donor shortages. Hearts derived from animals could alleviate the critical shortage of organs available for clinical transplantation (1) (2) (3) . The pig is the current animal of choice for clinical xenotransplantation because of its size, physiologic compatibility, breeding characteristics and the potential for genetic modification (1) (2) (3) . When pig organs are transplanted into primates, however, they are rapidly rejected by hyperacute rejection (HAR) and acute humoral xenograft rejection (AHXR), also known as acute vascular rejection or delayed xenograft rejection (4) (5) (6) (7) (8) . Both HAR and AHXR are triggered by xenoreactive natural antibodies, which are directed against the galactose α 1,3-galactose (Gal) epitope on porcine vascular endothelium (6) (7) (8) .
In a recent attempt to prevent HAR and AHXR, α 1,3-galactosyltransferase gene-knockout (GalT-KO) pigs that do not express the Gal epitope were produced (9, 10) . We reported our initial study of cardiac transplantation from GalT-KO miniature swine to baboons that were treated with a chronic immunosuppressive regimen (11, 12) . No grafts in this study succumbed to HAR, and the grafts survived consistently longer than grafts from previous studies using miniature swine or human decay-accelerating factor (hDAF) transgenic pigs as donors (13) (14) (15) .
The rejection of allografts by acute humoral, cellular and chronic rejection has been well characterized (16) . However, few studies of cell-mediated rejection (acute cellular xenograft rejection: ACXR) or chronic rejection in discordant xenografts have been reported, as almost all such grafts are rejected primarily by AHXR. In our initial study of GalT-KO heart xenotransplantation, cellular infiltration occurred along with AHXR in all eight grafts. Furthermore, chronic rejection, as characterized by chronic xenograft vasculopathy, developed in three of the long-term surviving cardiac xenografts. In this study, we characterized the pathology of the GalT-KO cardiac xenografts in baboons in order to clarify the process by which graft failure develops and to characterize the pathology of AHXR, as well as acute cellular and chronic xenograft rejection.
Materials and Methods

Animals
Eight heterotopic heart transplantations were performed in baboons (Papio hamadryas; Manheimer Foundation, Homestead, FL) of body weight 9-22 kg, using GalT-KO miniature swine of body weight 9-27 kg as donors (11, 12) . All GalT-KO donors were individually generated by nuclear transfer from GalT-KO fibroblasts from Massachusetts General Hospital (MGH) major histocompatibility complex (MHC)-inbred miniature swine (10) . All animal care procedures were performed in accordance with the Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and published by the National Institutes of Health (NIH publication no. 86-23, revised 1996). All protocols were approved by the MGH Subcommittee on Research Animal Care.
Transplantation and immunosuppression
The surgical procedures associated with heterotopic (intra-abdominal) heart transplantation in baboons, and the immunosuppressive treatment, supportive therapy and monitoring of recipient baboons have been previously described in detail (11, 12) . The chronic immunosuppressive regimen for these baboons included an induction treatment of horse antihuman thymocyte globulin (ATGAM; Upjohn, Kalamazoo, Ml) 50 mg/kg/day i.v. on days −3, −2 and −1. Thymic irradiation (700 cGy) was given on day −1 except in one baboon (B228). Complement was depleted in five out of eight baboons by cobra venom factor (CVF) for either 4 days (B226, B228, B229) or 14 days (B214, B216). Maintenance therapy consisted of a human antihuman CD154 monoclonal antibody (mAb) (ABI793, generously provided by Novartis Pharma AG, Basel, Switzerland) administered i.v. at 25 mg/kg on days −1, 0, 1, 4, 7, 10 and 14, followed by 20 or 25 mg/kg every 5 days thereafter; mycophenolate mofetil (MMF) that was administered by continuous i.v. infusion from day −2 to maintain a whole blood level of 3-5 μg/mL and methylprednisolone that was given from day 0 (2 mg/kg × 2 i.v. daily for 7 days, followed by tapering to 0.5 mg/kg i.v. daily over the next 35 days). MMF in B223 was significantly reduced, beginning on day 59. Heparin (3-60 U/kg/h) was started as anticoagulant therapy on the day of transplantation and was titrated to maintain a partial thromboplastin time (PTT) of 150 s. Three baboons (B223, B225, B229) received recombinant antithrombin (750 U/kg/day, generously provided by GTC Biotherapeutics, Framingham, MA) from days 1-12 and were therefore given alternative heparin regimens. These animals were maintained on low-dose heparin (B225), given lowdose heparin only on days 0 and from day 13 to the end of the experiment (B223), or maintained at maximum dose (PTT 150 s) beginning on day 7 (B229). In these cases, the levels of antithrombin were at least in the high normal range. Three baboons were treated with aspirin (40 mg given p.o. every other day), beginning on days 4 (B228), 16 (B229) or 75 (B223). Graft function was monitored by measuring graft palpation scores (grade 3 representing excellent graft contractions and grade 0 representing cessation of contractions) and serum troponin T levels (11, 12) .
Histological and immunohistochemical examination
Heart graft samples were taken from open needle biopsies and from graftectomies (Table 1) . For light microscopic examination, tissue was fixed in 10% buffered formalin and embedded in paraffin. Sections were examined after hematoxylin and eosin (H&E) and Elastica Masson Goldner (EMG) staining. Tissues for electron microscopy were fixed in 2.5% glutaraldehyde + 2% paraformaldehyde, postfixed with 1% osmium tetroxide and embedded in Epon 812. Ultrathin sections were stained with lead citrate. Frozen tissue sections were stained by the direct immunofluorescent technique, using a fluorescein isothiocyanate (FITC)-conjugated rabbit polyclonal antibody to human IgG, IgM, C3 and fibrinogen (all from DAKO, Carpinteria, CA), and the indirect immunofluorescent technique, using an antihuman C4d mAb (Quidel, San Diego, CA), polyclonal rabbit antihuman C4d antibody (American Research Products, Inc., Belmont, MA) and antihuman C5b-9 mAb (DAKO). The following primary antibodies were used in staining by the standard avidin-biotinperoxidase complex (ABC) technique (17): (1) anti-TIA-1 mAb (GMP-17, granule membrane protein of 17 kDa; Coulter Immunology, Hialeah, FL), which detects cytotoxic granule protein in T and NK cells; (2) antihuman α-smooth muscle actin mAb (αSMA, 1 A4; DAKO), which detects smooth muscle cells in arteries; (3) polyclonal rabbit antihuman CD3 antibody (A0452; DAKO), antihuman CD4 mAb (1 F6; Nitirei, Tokyo, Japan), antihuman CD8 mAb (C8/144 B; Nitirei), antihuman CD20 mAb (B cells, L26; DAKO), antihuman CD68 mAb (macrophages, KP-1, DAKO), antihuman NKB1 mAb (NK cells, DX9; BD Biosciences, San Jose, CA) and antihuman CD56 mAb (NCAM/NK cells, 1 B6; Nitirei) were used to examine the phenotype of infiltrating cells. To detect cytotoxic T cells in xenografts, two-color immunohistochemistry staining against TIA-1 (alkaline phosphatase, blue color) and CD3 (DAB, brown color) was performed. The relationship between CD41 + platelet thrombi and the deposition of immunoglobulin and complement was assessed using two-color immunohistochemistry for CD41 (Texas Red) and C4 d (FITC). In histological sections, fragmented nuclear DNA associated with apoptosis was labeled by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick endlabeling (TUNEL) method (18) .
Quantification of histological Findings
The deposits of immunoglobulin (IgM and IgG) and complement (C3, C4 d and C5 b-9) and the frequency of microthrombi (EMG stain) were semi-quantified from (−) to (3+) dependent on their distribution and the intensity of the associated staining. In each graft sample, 40 randomly selected fields (at 400x, using an optical grid area of 0.0625 mm 2 ) were assessed without prior knowledge of the clinical or histological findings, and the mean semiquantitative staining score or the mean number of cells per single field for the following values was determined: (1) the number of TUNEL + cells in capillaries; (2) the number of CD3 + , CD68 + , CD20 + , CD4 + , CD8 + and NKB-1 + cells and (3) the presence of chronic xenograft vasculopathy in arterial cross-sections in all fields of the graftectomy samples and the percentage of arteries affected. In addition, in all arteries that were affected by chronic xenograft vasculopathy, vessel wall thickening was scored as 0 (normal artery), 1 (<10% occlusion), 2 (10-50% occlusion) or 3(>50% luminal occlusion) (19) . Correlations between the numbers of CD3 + cells and TUNEL + cells in capillaries and the interstitium were computed and analyzed using Pearson's test.
Results
Clinical course of GalT-KO heart grafts
Eight cardiac xenografts from GalT-KO swine were transplanted heterotopially to baboons treated with chronic immunosuppression. HAR did not develop in any of the GalT-KO grafts. However, AHXR gradually developed in all grafts.
The graft contraction and serum troponin T levels in baboons were assessed, as shown in Figure 1 . Based on these parameters, the eight cardiac grafts were divided into three groups: (1) healthy-graft group: B226, B225 and B216 were euthanized, or died on days 16, 23 and 56 days posttransplantation, with cardiac grafts that were beating well and with stable or somewhat increased serum troponin T levels. These animals were sacrificed for reasons other than the rejection of the cardiac graft, namely the development of anemia (hematocrit <15%) at a time when donor blood was not available, an ischemic leg (associated with an indwelling femoral catheter) or spontaneous abdominal bleeding. (2) Rapidly weakened group: contractions in the grafts in B214 and B218 were stable and then rapidly weakened and ceased 59 and 67 days after transplantation, with a significant increase in recipient serum troponin T levels. (3) Gradually weakened group: in B229, B223 and B228, graft beating gradually weakened and then stopped 78, 110 and 179 days after transplantation, with or without increased recipient serum troponin T levels.
Pathology of grafts in healthy-graft, rapidly weakened and gradually weakened groups
In the cardiac grafts of the healthy-graft group, early AHXR occurred with focal interstitial hemorrhage and a few multiple microthrombi in the microvasculature (Figure 2A ). Polymorphonuclear leukocytes and mononuclear cells infiltrated the grafts ( Figure 2B ). In the rapidly weakened group, advanced AHXR developed 59 and 67 days posttransplantation with an irregular distribution of interstitial hemorrhage and diffuse and multiple microthrombi in both the microvasculature and arteries ( Figure 2C ). Polymorphonuclear leukocytes were found within the grafts, as were infiltrating mononuclear cells ( Figure 2D ). Chronic xenograft vasculopathy was not detected in the grafts. In the grafts of the gradually weakened group, AHXR, ACXR and chronic xenograft vasculopathy developed 78 (B229), 110 (B223) and 179 (B228) days posttransplantation. Multiple microthrombi, located mainly within the microvasculature, were present along with focal interstitial hemorrhage ( Figure  2E -G). A multifocal infiltrate of mononuclear cells was noted and was associated with myocyte damage (Figure 2H -J).
Acute humoral xenograft rejection (AHXR)
AHXR in GalT-KO heart grafts was characterized by the development of thrombotic microangiopathy and focal interstitial hemorrhage that was associated with immunoglobulin and complement deposition and subsequent capillary injury. A few multiple microthrombi were evident in the grafts of the healthy-graft group (Figure 2A ). The grafts of the rapidly weakened group contained prominent multiple thrombi in both capillaries and arteries ( Figure 2C ). In contrast, in the grafts of the gradually weakened group, prominent multiple thrombi developed mainly within the microvasculature (Figure 2K-M) . Deposits of immunoglobulin and complement were detected on capillaries and arteries in these grafts ( Figure 2N and O) . During the initial period after transplantation, IgM was clearly positive and IgG was weakly positive or negative ( Table 1) . As thrombotic microangiopathy developed, however, the increased frequency of microthrombi was paralleled by an increased frequency of IgM, IgG, C3, C4d and C5b-9 deposits (Table 1) . Two-color immunohistochemistry for CD41 and C4d showed that almost all of the CD41 + thrombi were detected within vessels with depositions of complement ( Figure 2P ). Electron microscopy revealed the loss of endothelial cells within these damaged capillaries, along with fibrin thrombi, interstitial hemorrhage and the destruction of capillary structure ( Figure  2Q and R). AHXR in the grafts was also characterized by fibrinoid necrosis of arteries with immunoglobulin and complement deposition, neutrophil infiltration, the presence of TUNEL + dead cells and thrombus within the arteries ( Figure 3A -H).
Acute cellular xenograft rejection (ACXR)
Early after transplantation, polymorphonuclear leukocytes and mononuclear cells infiltrated the grafts. In all biopsies from day 7 (the healthy-graft and rapidly weakened groups), the cellular infiltrate was composed of polymorphonuclear leukocytes and CD68 + macrophages, as well as a small number of CD3 + T cells ( Figure 4A-D) . In the graftectomy samples of the healthy-graft group by day 56, both polymorphonuclear leukocytes and mononuclear cells (polymorphonuclear leukocytes rather than mononuclear cells) infiltrated ( Figure 4E and F) . However, there were no mononuclear cell infiltrate foci that were clearly associated with myocyte damage. Therefore, according to the International Society for Heart and Lung Transplantation (ISHLT) standardized cardiac biopsy grading system (16), the acute cellular rejection grading in the healthy-graft group was grade OR. In all grafts after transplantation, the number of infiltrating cells increased ( Figure 5 ). Although all biopsy samples showed ISHLT grade OR, analysis of graftectomy samples from the rapidly and gradually weakened groups revealed ISHLT grade 2R rejection ( Figure 4G-T) . Mononuclear cells were found within capillaries and extended into the surrounding interstitium. The infiltrating cells included CD3 + T cells and CD68 + macrophages, as well as a small number of CD20 + B cells. Similar numbers of CD4 + and CD8 + T cells infiltrated the grafts. Two-color immunohistochemistry revealed TIA-1 + cytotoxic granules in many infiltrating CD3 + T cells, indicating that they were cytotoxic T cells. A small number of NKB-1 + and CD56 + NK cells infiltrated the grafts. TUNEL + dead cells were detected in contact with infiltrating mononuclear cells ( Figure 4J and K). Microthrombi were occasionally found in regions of CD3 + T-cell infiltration without AHXR-associated polymorphonuclear leukocytes and macrophage infiltration ( Figure 4L ). Furthermore, there was a weak, but significant correlation (p < 0.05) between the numbers of CD3 + T cells and TUNEL + dead cells in the capillaries and interstitium ( Figure 5 ). Acute endothelialitis was also seen in arteries in the graftectomy samples from the gradually weakened group (Figure 3I-L) .
Chronic xenograft vasculopathy
As in cardiac allotransplantation, chronic xenograft vasculopathy is considered to be a feature of chronic rejection in xenotransplantation. In graftectomy samples from the gradually and rapidly weakened groups, fibrinoid necrosis and/or active endothelialitis were seen in arteries associated with irregular thickening of arterial intima ( Figure 3D and L) . Furthermore, graftectomy samples from the gradually weakened group revealed typical chronic xenograft vasculopathy in arteries, which was characterized morphologically by the narrowing of arteries as a result of a thickening of the neointima with α-smooth muscle actin + cells ( Figure 6 ). As in chronic allograft vasculopathy (CAV), elastosis failed to develop in the thickened neointima. Although the percentage of chronic xenograft vasculopathy was similar in both small intramural and large pericardial arteries, small arteries were generally more severely affected.
Histological characterization allowed us to differentiate four types of chronic xenograft vasculopathy. The first type, chronic humoral rejection-associated vasculopathy ( Figure 7A-H Figure 6 ). Before the development of fibrosis in the thickening neointima, fibrin exudation and/or cell infiltration was usually seen in the arteries (Figure 3 ). This type of vasculopathy, therefore, termed fully developed vasculopathy, may be the end result of humoral rejection-associated and/or cellular rejection-associated vasculopathy. In graftectomy samples from the gradually weakened group between days 78 and 179, fully developed and chronic humoral rejection-associated vasculopathy was common ( Figure 6 ). Evidence of chronic cellular rejection-associated vasculopathy or a combination of both chronic humoral and cellular rejection-associated vasculopathy was present in a limited number of arteries.
Discussion
The production of GalT-KO swine may represent a critical step toward the clinical reality of solid organ xenotransplantation (2, 11, 12, 20) . In the present study of GalT-KO heart xenografts transplanted into baboons, HAR was prevented and graft survival improved over previous reports, even without the adsorption of anti-Gal antibodies or the continuous inhibition of complement (11) (12) (13) (14) (15) . Furthermore, one GalT-KO graft survived for almost 6 months after transplantation. We consider these results very encouraging. However, all GalT-KO heart grafts underwent graft failure, despite chronic immunosuppression. The present study characterizes the pathology associated with AHXR, ACXR and chronic rejection in GalT-KO xenografts in nonhuman primates.
The availability of GalT-KO pigs eliminated the anti-Gal antibody-Gal antigen interaction that was the major barrier to successful xenotransplantation in pig-to-nonhuman primate models (13, (21) (22) (23) . This intervention did not, however, eliminate the thrombotic microangiopathy that is characteristic of AHXR (24) . Indeed, in the present study, AHXR, as characterized by thrombotic microangiopathy, developed in all the eight grafts. Non-Gal antibodies likely play an important role in the pathogenesis of AHXR and graft failure in xenogeneic transplants, as suggested by this study and several other recent reports (25, 26) .
Troponin T is a clinically valuable marker of myocardial injury in heart grafts (27) , and we used it as an indicator of myocardial injury in this study. Increases in troponin T, particularly if sustained, were associated with thrombotic microangiopathy (AHXR) and progressively weaker contractions of the grafts. However, some animals demonstrated a discrepancy between troponin T levels and graft contractions. B223 showed a sudden increase and rapid recovery of troponin T around day 55, without an associated change in the beating of the graft. This troponin T leak may have been due to a localized myocardial infarction that may have been the result of an AHXR-mediated thrombus in a small myocardial artery. In contrast, B229 lost the graft in the absence of any rise of troponin T. Instead of necrosis of cardiomyocytes, which is associated with the release of troponin T, this animal might have lost its graft due to apoptotic myocardial injury that was mediated by the chronic, mild but persistent ischemic injury caused by the gradual development of AHXR.
The characterization of cellular rejection in vascularized xenograft models is still limited by the rapid development of AHXR. Initial studies in rodents concluded that graft-infiltrating cells consisted primarily of macrophages and NK cells, and, in view of the small number of T cells in the infiltrates, that these responses were T cell independent (28, 29) . In the present study, however, the cellular response to discordant xenografts was characterized by an infiltration of CD3 + T cells, CD4 + cells, CD8 + cells and CD68 + macrophages. CD3 + T cells infiltrated early after transplantation. Many CD3 and TIA-1 + cytotoxic T cells were present in the infiltrate as were a small number of NK cells. These findings suggest that T-celldependent immunologic pathways play a significant role in xenograft rejection. Although in vitro assays showed general unresponsiveness of recipients to pig and baboon stimulators in MLR and circulating antipig IgM and IgG were undetectable by FACS (11, 12) , probably because of continuous immunosuppression, the T-cell infiltrates and IgG deposition seen in the grafts suggest that T cells were involved in the rejection. Several studies of human antipig cellular xenoreactivity support our findings; they have demonstrated a strong human antipig cell-mediated cytotoxic response that involves CD8 + and/or CD4 + cells, and have implicated CD4 + cells as important mediators of macrophages, T-cell and B-cell activation (30) (31) (32) (33) (34) (35) . Therefore, as in allotransplantation, T cells may function as an initiating factor in the immune response to the xenografts and may contribute to the development of not only ACXR but also AHXR, through both direct and indirect pathways of immune recognition. In the present study, similar numbers of CD4 + and CD8 + T cells infiltrated the grafts, although CD8 + T cells predominate in allograft rejection, suggesting a strong role for class IIrestricted T-cell-mediated reactions in ACXR. In our results, three grafts in the gradually weakened group developed interstitial mononuclear cell infiltrates, as is characteristic of ACXR. In particular, in B223, the number of cell infiltrates increased significantly as the level of MMF was decreased (see Figure 5 ). On the other hand, two grafts in the rapidly weakened group had cellular infiltrates comprising neutrophils and macrophages as well as CD3+ T cells, suggesting that the humoral and T-cell responses developed together. The importance of T-cell immunity in xenotransplantation may be often underestimated because humoral immunity often masks T-cell immunity and obscures the pathological findings of ACXR in xenotransplantation. As is now the case in allotransplantation, ACXR may eventually become a more important and common type of xenograft rejection.
In clinical heart transplantation, CAV is the leading obstacle to long-term graft survival (36, 37) . It is widely established that CAV in allografts is caused by a combination of chronic immune and nonimmune injury, and that the immune mechanism involves both cellular rejection (endoarteritis or endothelialitis) in arteries and humoral rejection by circulating antidonor antibodies (36, 37) . NK cells might also have pathogenetic significance (38) .
The development of chronic xenograft vasculopathy, which is considered to be a characteristic feature of chronic xenograft rejection, was previously reported in a small number of hearts transplanted from pigs transgenic for hDAF or CD46 to primates (14, 15, 23) . However, the pathogenic mechanism of the development of chronic xenograft vasculopathy has not been clearly determined. In the present study, chronic xenograft vasculopathy developed in the three grafts from the gradually weakened group between 78 and 179 days following transplantation. We recognized four major manifestations of chronic xenograft vasculopathy based on their histologic appearance: (1) chronic humoral rejectionassociated vasculopathy, (2) chronic cellular rejection-associated vasculopathy, (3) both chronic humoral and cellular rejection-associated vasculopathy and (4) fully developed vasculopathy, which may be the end result of humoral rejection-associated and/or cellular rejection-associated vasculopathy. These histological findings suggest that prolonged antibody-and/or cell-mediated rejection can induce chronic xenograft vasculopathy. In the present study, chronic humoral rejection-associated vasculopathy was more frequently seen in the grafts than chronic cellular rejection, suggesting that chronic humoral rejection is likely the dominant mechanism for the development of chronic xenograft vasculopathy in this model.
Clinical application of xenotransplantation first requires the demonstration of efficacy in a nonhuman primate model. The ISHLT has suggested as a reasonable standard 60% graft survival of life-supporting orthotopic pig hearts in primates at 90 days (39) . The FDA Advisory Subcommittee on Xenotransplantation has a similar recommendation of a median survival of 90 days in the orthotopic position as a possible standard for clinical application (40) . In the present study, median and longest survivals of heterotopic hearts in a baboon were 78 (exclusion of euthanized animals) and 179 days, respectively. Future studies aimed at preventing acute and chronic antibody-and cell-mediated rejection in xenografts from GalT-KO donors are warranted.
In the present study, the response to GalT-KO cardiac xenografts in baboons was not controlled by our chronic immunosuppressive protocols, and acute and chronic humoral and cellular rejection developed in the grafts. We believe that improved strategies for inducing xenogeneic T-cell tolerance and preventing acute and chronic humoral and cell-mediated graft rejection may be required for long-term xenograft survival. Ongoing studies at our center are aimed at the induction of immunological tolerance to miniature swine organs in nonhuman primates by chimerism induction (41) and donor vascularized thymus grafting (20) . Normal troponin T levels are less than 0.10 ng/mL. Contraction of grafts was monitored by palpation and scored 0-3. The arrowheads indicate the day of biopsies and the arrow indicates the day of graftectomy. The eight heterotopic cardiac grafts were divided into the three groups based on their rejection profile: (1) healthy-graft group (B226, B225 and B216), (2) rapidly weakened group (B214 and B218) and (3) gradually weakened group (B229, B223 and B228). B226 and B225 were euthanized and B216 died with beating heart grafts, as a result of anemia (during a period when no donor blood was available), ischemia in a leg (associated with an indwelling femoral artery catheter) or spontaneous intraabdominal hemorrhage, on day 23, 16 or 56, respectively. (double arrow in K) in the grafts, and by immunoglobulin and complement deposition (N: IgM; 0: C5b-9). Two-color immunostaining for CD41 (red color) and C4d (green color) showed that almost all of the CD41 + thrombi (arrows in P) were detected within vessels that contained deposits of complement. Electron microscopy (Q, R) revealed damaged capillaries in the graft of B228 on day 179 (× 1900). The damage was characterized by the loss of endothelial cells with fibrin thrombi (asterisks in Q) and capillary destruction (arrowheads in R) with interstitial hemorrhage. The number of infiltrating cells of all phenotypes except NKB-1 + cells increased after transplantation and during the development of graft failure (healthy-graft group: B226, B225 and B216; rapidly weakened group: B214 and B218 and gradually weakened group: B229, B223 and B228). The results are depicted as the mean ± standard error, as calculated from 40 randomly selected fields. There was a statistically significant correlation between the number of CD3 + T cells and the number of TUNEL + dead cells in capillaries and the interstitium in the grafts (p < 0.05). Chronic xenograft vasculopathy in arteries was characterized by the narrowing of the arterial lumen with intimal fibrous thickening consisting of α-actin + cells without elastosis. Neither fibrinoid material nor cellular infiltration was seen in arteries, suggesting fully developed vasculopathy. The distribution of chronic vasculopathy in grafts, including the percent of arteries affected, as well as the severity and types of chronic vasculopathy is also shown. Although a similar percentage of small and large arteries were affected by chronic xenograft vasculopathy, the vasculopathy was, on average, more severe in the smaller arteries. Large number of arteries that showed evidence of vasculopathy also had fully developed or humoral-associated rejection types. In chronic humoral rejection-associated vasculopathy (A-H: B229, day 78), fibrinoid materials were present within a thickened intima (A: HE stain, B: EMG stain). TUNEL + dead cells (arrows in C), that may be endothelial cells, were detected on the luminal surface of arteries along with exudative lesions (asterisk in C) (C: TUNEL method). The deposition of fibrin (D), IgM (E), IgG (F), C4d (G) and C5b-9 (H) was detected in arteries. Chronic cellular rejection-associated vasculopathy (I-P: B223, day 110) was characterized by active endothelialitis (arrow in J), presence of TUNEL + dead cells (arrow in K) and cellular infiltration in the arterial intima (I: EMG stain, J: HE stain, K: TUNEL method). Cellular infiltrate in arterial walls was composed of T cells (L: CD3 stain), cytotoxic cells (M: TIA-1 stain), both CD3 and TIA-1 + cytotoxic T cells (N: two-color stain with CD3 (brown) and TIA-1 (blue)), macrophages (O: CD68 stain) and a small number of B cells (P: CD20 stain). Both chronic humoral and cellular rejection-associated vasculopathy (Q-T: B223, day 110) was characterized by fibrinoid material deposition and cellular infiltration in arterial intima (Q: EMG stain). Cellular infiltrate in the intima was composed of polymorphonuclear leukocytes (arrow in R), T cells (arrows in S) and macrophages (arrow in T) (R: HE stain, S: CD3 stain, T: CD68 stain). Table 1 The deposition of immunoglobulin and complement in the GalT-KO heart grafts 
Day of Bx or Gx = day of biopsies or graftectomy; POD = postoperative day.
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